Molecular Diversity of Bacteria from Three Distinct Ecosystems within Great Smoky Mountains National Park by Collins, Melissa Brooke & NC DOCKS at Western Carolina University
MOLECU LAR DIVERSITY OF BACTERIA FROM THREE DISTINCT 
ECOSYSTEMS WITH IN GREAT SMOKY MOUNTAINS NATIONAL PARK 
Commillee: 
Date: h 3? 
By 
Meli ssa Brooke Collins 
A Thes is 
Submitted to the 
Faculty o f the Graduate School 
o f 
Western Caro lina Uni versity 
In Parti al Fulfillment of 
the Requirements for the Degree 
of 
Master o f Science 
Director 
Dean o f the Graduate School 
Summer 2006 
Western Carolina Uni versity 
Cullowhee. orlh aro lina 
MOLECULAR DIVERSITY OF BACTERIA FROM THREE DISTINCT 
ECOSYSTEMS WITHIN GREAT SMOKY MOUNTAINS NATIONAL PARK 
A thesis presented to the faculty of the Graduate School of Western Carolina U niversity 
in partial ful fillment of the requirements for the degree of Master of Science 
By 
Melissa Brooke Collins 
Director: Dr. Sean O'Connell 
Assistant Professor of Biology 
Department of Biology 
July 2006 
HUNTER LIBRARY 
WESTERN CAROLINA UNIVERSITY 
Acknowledgements 
I would like to thank my adviso r Sean O 'Conncll for a ll of his hard work , help , 
and dedication to not only Ill yse lf and thi s project, but also any student in need . Hi s 
pass ion for science is inspiring and makes working with him exc iting and rewarding. 
wo uld also like to thank the Biology department and the Office o f Graduate Studies at 
WCU for providing equipment and funding without which thi s research wou ld not have 
been possible. Thank you to Kri stina Reid , Heather Sink, Darby Harri s, Barclay Taylor, 
and especiall y Philip Drummond for all of the time and energy that they donated to 
helping inside the lab . Finall y, 1 wo uld like to thank my famil y and Peter Gut for a ll o f 
their love, support, and help with Aubrie duri ng thi s time. 
11 
Table of Contents 
Pagc 
List of Tables ... .. ...... .. ............ ... .......... ............................................................... ............ .. ......... iv 
List of Figures .... ... ...... .... ........... ......... .... ........ ......... ........ ........ ....... ... ......... ...... ........... .... ... .. .. .. v 
Abstract .............. ........................... ... .... .. .................................................................................. vi 
Introduction ........ .. .................. ..... .... .. .......... ..... ... .............. ..... ................................................... I 
Methods ......................... ........ .................................................................................................. 18 
Soil Sample Co ll cction ......... ............................................. ........ ... ... .......... .... .. ... ........ 18 
Methods Development .. ......... .. .... .. .... .. .................. ... ......... .. ......... ....... ...................... 18 
DNA Extract ion ........................ ... ... .. ........................ ... ... ....... ............ .... .. ............ ..... .. 19 
PCR Amplification ......... .... .... ......... ....... .... .................. ..... ......................................... 19 
Denaturing Grad icnt Gel Electrophorcsis (DGG E) .... ........ ........ ................. .. ........... 20 
Methods used in Soil Study ......... ... ............................................. .. ... .... .. ........... ....... .. ........ 20 
DNA Extraction ..................... ... .. .................... ....... ... ........ ... ..... ..... .... .... .. .. .......... .. .. ... 20 
PCR Amplification (1500bp) .. .. ..... ............................................................. ............. . 20 
PCR Clean-Up ..................... .. ........... .......... ........... .. .... .... .. ................ ... ....... ...... ......... 2 1 
Molecular C loning ... .. .......... ... ........... .. .................. ... .... ........................ .. .. ......... ......... 2 1 
Whole el l PCR .......... ..................... .. ......... ....... .. ... ...... ........................ ... ....... .... .. ... .. 22 
Restriction Fragment Length Polymorphism (RFLP) ........ ...... .......... .. .... .. ............ .. 23 
Sequencing ............. ... ................ ....... ... ......... ..... .................................... ... .. ................. 24 
Results .......... ............ .. .................. ..... ... ............................. ....... ... ..... ....... .. .. .. .... ... ... ....... .. ..... .. 26 
Methods Development ... ..... .. ...................... ......... ................. ........ ... ............ ..... ........ . 26 
Methods uscd in Soil Study ...... ........ ........... ....... ......... .. ...... ...... ................ ..... .. ... ...... . 26 
Molecular Cloning Results .. .. ... ... ........... .............................................. ... .. .... .... .. .... ... 26 
RFLP Results ................ ... ................. .......... .......... .. ... ....... ................ ..... ..... ... .. .. ....... .. 29 
Sequencing and RDP II Results ........ .. ........ .......... .. ......................... ............... .... ..... .. 30 
Discussion ....... ... ............ .. ........ .......... .. ................... ... .................... ... .. ............ ... .. .. .... ... ...... .... 51 
Conclusions and Possible Future Work ........................... ...... .......... .. .................... .... ...... .... .. 63 
Li terature Cited ................................ ............ ..................... .... ... ..... ......... .. ... ........ .................... 66 
Appendix ............. .... .......... ...... ........... ......... .. .. ................... ..................... ....... ...... ................ ... 75 
List of Tables 
Page 
I. A TBI Plot Characteri sti cs ... ......................... ..... .. .. ................ .............. .... .... ..... ... ....... ... .. ... 14 
2. Number of Clones per Repli cate .............. ... .... .... ........................ .. ..... ..... .. ... .... ...... ........... 29 
3. Phylum Level Diversity fTom All Sites ......... ................. .. ............. ..... .. ........... ..... .. ...... ..... 33 
4. Genera Represented in Molecul ar Clone Libraries .. .............. ..... ..... .... ... ...... ... .. ............... .42 
5. Sequence Identities Compared Within Divisions ..... ..... ....... .. .... ..................... .. ..... ... .. .... .45 
6. Percentages ofNon-A cidobacteria Divisions within Sites .................... ... ... .... ..... .... ... .... . 58 
IV 
List of Figures 
Page 
I. Uni versa l Phylogenetic Tree ......... ....... .... .. .............................................. ..... ... .... .. .... ......... 2 
2. Phylogenetic Tree of Bacteria .. ... .... .. .. ........... .... ... ............................ ... .. ... .. ... .. ... ........ ........ 6 
3. Phylum Level Diversity for Bacteria Cultivated from Soil ........ ..... .... .. ...... ... ... ..... ..... .... . 13 
4. Map of Great Smoky Mountains National Park ...... .. ............ .. ................. ......... ... ........ .. .. 15 
5. DNA Extraction Kits Comparison Gel ............................................................................. 27 
6. PCR Amplification Gcl Comparing DNA Ex traction Kits .............................................. 28 
7. Example of Restriction Fragment Length Polymorphism Gel ...... .. ........ .... .................... . 30 
8. RDP \I "Classifier" Results for All Three Si tes .............. .............. .. .. ..................... ........... 32 
9. RDP [! "Classifier" Results for Albright Grove .. ...... ... .............. ... ...... .. ........................... 34 
10. RDP II " lassifier" Results for Cataloochee ........ .... .............................. .... ..................... 35 
II . RDP II "Classifier" Results for Purchase Knob .................. .... ..... .. ................................ . 36 
12. Phylum Diversity Patterns for Albright Grove Rep licates ........ .... .... ............................. . 38 
13. Phylum Diversity Patterns [or Cataloochee Repli cates ................................................... 38 
14. Phylum Diversity Pattems for Purchase Knob Repl icates .......... ........ .. ...... .. .... .. .. .. .... ... .40 
15. Simple Comparative Tree for Acidobacteria Clones ................................ ...................... .46 
16. Simple Comparative Tree for Firmiclltes Clones .. .. ...... .................... .. ....................... .... .47 
17. Simple Comparati ve Tree for Planclomycetes Clones .......................... ...... .. ..... ...... ...... .48 
18. Simple Comparative Tree for Verrucomicrobia Clones ................................................. .48 
19. Simple Comparative Tree for Alphaproteobacleria Clones .... ........ .. .. ........................... .49 
20. Simple Comparative Tree for Dellaproteobacleria Clones .... ...................... .................. 50 
21. Simple Comparative Tree for Gammaproteobacteria Clones .... ................... ................. 50 
v 
Abstract 
MOLECULAR DIVERSITY OF BACTERlA FROM THREE DISTINCT 
ECOSYSTEMS WJTI-IIN GREAT SMOKY MOUNTAlNS NAT IONAL PARK 
Melissa B. Collins M.S. 
Western Carolina University (August 2006) 
Director: Dr. Sean O'Connell 
The number of microbial species in nature may be in the millions, but most have 
never been observed or detected (Hong et a!. 2006). For over 100 years, studies have 
focused primari ly on culturing species from environmental samples in order to examine 
diversity of the community. With advancements in molecular techniques, a shift has 
occurred in both the approaches used to create community profiles and to explain what 
these profiles look like. This knowledge of microbial diversity is crucial for our 
understanding of the structure, function, and evolution of biological communities. 
The biodiversity of several thousand organi sms has been catalogued throughout 
Great Smoky Mountains National Park (GSMNP) as part of a long term study ca lled the 
All Taxa Biodiversity Inventory (ATBI). Recently, prokaryotes have become important 
within this study as well, and early work was focused on co llecting data through culture-
dependent techniques. 
Here, [ implemented a protocol , bascd completcly on molecular techniques to 
create a library of species in ordcr to describc the community of bacteria wi thin ATBI 
plots. Through the use of Polymerase Chain Reaction (PCR), molecular cloning, 
Restricti on Fragment Length Polymorphi sm (RFLP) , and DNA sequenc ing I have been 
ab le to compare the di versity o f bacteri a among three different ATBI plots . 
Identifi cations were made for 177 bacteri al species representing eleven different phylum 
inc luding Acidobocteria, Firlll iclites, Actillobacleria, Bacteroidetes, Verrucolllicrobia, 
Piallctolllycetes, A lphaprofeobacteria, Betaproteobacteria, Deitaprofeobacteria, 
Galllll1aproteobacteria, and OP I O. The community pro fil es detected vi a these methods 
provided a new outlook on what bacteri al species were dominating these three plots 
compared to what the previous cultu re-dependent methods had suggested . O verall , the 
Acidobacteria and Filllricutes di visions dominated the entire community profile. 
Albright Grove had nine different divi sions represented with the Acidobacteria 
dominating thi s site. Cataloochee and Purchase Knob both had eight different divi sions 
represented with the Acidobacleria dominating at Cataloochee and the Proteobacleria 
dominating at Purchase Knob. 
Microorganisms are ex tremely important and essenti al for all ecosystems; yet 
prokaryotes are the least understood of all organisms and the least defined taxonomica ll y. 
Analyzing, comparing, and identifying these different bacteria l species in GSMNP 
provides a better understanding o f microbial distribution in so il environments. This 
allows for a better development of bacteri al taxonomy and ultimately w ill he lp in 
understanding bacteri al ni ches. 
VII 
lnt rod uction 
"The key to taking the measure of biodiversity lies in a downward adjustment of scale. 
The smaller the organisms, the broader the frontier and the deeper the unmapped terrain" 
(Wilson 1994). 
When looking at biodi versity on a global scale, rRN A phylogeneti c trees have 
shown that the mai n ex tent of the Earth 's biodi versity is microbial (Hugenholtz et al. 
1998). One can easil y observe thi s overwhelming trend via the uni versal tree of Ii fe. At 
one point the tree of life was divided into fi ve maj or kingdoms, AI/ imalia, Plal/tae, FUI/g i , 
Prot isla al/ef M onera. In 1990 Carl Woese split the MOl/era Kingdom into two domains, 
Arciwea and Bacter ia, and combined the other four kingdoms into one domain , £ lIklllya 
(DeLong and Pace 200 I; Figure I). 
It is now known lhat everywhere one fi nds Ii fe one also finds bacteria. This is 
because free- li ving bacteri a are able to surv ive every environment that supports 
eukaryotes and even those that cannot (Cohan 200 I). Hence, one can onl y imagine the 
tremendous amount o f ecological diversity within the prokaryotic world . T his in part 
could be due to the enormous potenti al for spec iati on within the bacteri al domain . La rge 
populati on sizes for bacteri a and a rapid rale of reproduction contribu te to the increase in 
opportunity for speciation compared to more highl y sexual plants and animals. Plus, 
bacteri a are highl y adaptable (i.e., mutati ons arc mani fested more quickl y due to higher 
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0.1 changes per sUe 
Eucarya 
Figure I. Universal phylogenetic tree based on comparison of small subunit rRNA 
sequences. Sixty- four rRNA sequences representative of all known phylogeneti c domains 
were aligned , and a tree was produced with fastDNAml (Olsen et al. 1994). That tree was 
modifi ed , resulting in the composite one shown, by trimm ing lineages and adjusting 
branch points to incorporate results of other analyses. The scale bar corresponds to 0 .1 
changes per nucleotide (Pace 1997). Figure obtained from Jurgens (2002). 
reproduction rates) making them better able to adapt and to thrive in just about an y 
environment (Madigan et al. 2003). 
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Soi ls sustain an immense diversity of microbes, which, to a large ex tent, remains 
unexplored (Curt is et al. 2002; Gans et al. 2005; Torsvik et al. 1990 a and b). In fact, 
assess ing the di versity of bacteri a in so il has been an ongo ing issue for several years. 
This is due to the fact that the ability to measure di vers ity is a prerequisite for any 
systematic study o f biogeography and community assembly (Curtis et al. 2002). 
Unfo rtunately, the ex tent of prokaryotic di versity is widely held to be beyond simple 
ca lculation and is left to more complex models. As knowledge of the microbial world is 
expanded, it seems that the estimation of total bacteri al di versity grows. It is known that 
one gram of soil may harbor up to 10 billion microorganisms, and , it was thought, 
possibly thousands o f different species (Torsvik and Ovreas 2002). In 1990, Torsvik et 
al. used DNA-DNA reassociation to estimate approx imately 4,000- 10,000 different 
bacterial "genomic units" in one gram of soi l (Torsvik et al. 1990 a and b). These 
estimates were concluded through the use of DNA meltinglreannealing data, which is 
likely the least biased molecular di versity technique used. The downside to thi s method, 
however, is that it is possibly the least infom1ati ve method, onl y measuring total di versity 
(i.e., it is very sensitive to DNA heterogeneity but cannot be used to identi fy species). 
Torsvik et al.'s estimate is now thought to be low because they used a mathemati cal 
model that assumes all bacterial species in a sample are equall y abundant (Gans et al. 
2005). Gans et al. (2005) instead used quantitative compari sons of di fferent species-
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ab undance models to increase the estimate to 107 different bacteri al species in 10 grams 
of pristine so il. 
Some think that microbi al di versity cannot be estimated because many microbi al 
accumulation curves are linear or close to linear because o f hi gh diversity and small 
sample size (Hughes et al. 200 1). These accumulation curves are important because 
knowledge o f the ex tent of phylogeneti c di versity can indicate how many functional 
groups have not yet been accounted for (Schloss and Handelsman 2004). As of today 
there are 52 di fferent bacteri al phyla, and half of them arc composed ent ire ly of 
uncultured bacteri a. (Figure 2). Also, three phyla contain less then 10% cultu red 
members and six phyla contain more than 90% cultured members. Thus, it is apparent 
how much information is actuall y mi ssing regard ing bacteri al spec ies . 
Even with thi s high di versity in so il , many of the organ isms belong to groups for 
which no culti vated representati ves are known. In fact, it is estimated that I % or less of 
soi l bacteri a have been cultured (Hugenho ltz et al. 1998). This means that DNA 
sequence data obtained by direct pe R amplification fro m the envi ronment providcs most 
of the infomlation avai lable for up to 99% of the prokaryotes in natural communities 
(Schloss and Handelsman 2004). Staley and Konopka ( 1985) coined the term "the great 
plate count anomaly" to describe the discrepancy between the number o f countabl e and 
culturable cell s present in any given environmental sample. This discrepancy has limited 
our understanding of the species diversi ty of soi l bacterial communities (Joseph et a l. 
2003), but has been partia ll y overcome through the app lication of molecular techn iques. 
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Molecular techniques to assess di versity include guanine plus cytosine (G + C) 
content, nucleic acid reassociation, DNA microarrays, DNA hybridization, denatu ri ng 
and temperature grad ient gel electrophoresis (DGGE and TGGE), single strand 
00, 
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Figure 2. Phylogenetic tree of Bacteria showing establi shed phyla (italicized Latin 
names) and candidate phyla. The vertex angle of each wedge indicates the re lati ve 
abundance of sequences in each phylum; the length of each side of the wedge indicates 
the range of branching depth found in that phylum ; the darkness of each wedge 
corresp nds to the proportion of sequences in that phylum obtai ned from cultured 
representatives. Cand idate phyla do not contain any cultured members (from chloss and 
Ilandeisman 2004). 
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confo nnation polymorphism (SSCP), ampl ifi ed ribosomal DNA restriction analysis 
(ARDRA) or restriction fragment length polymorphism (RFLP), tenninal restriction 
fragment length polymorphism (T-RFLP), and ribosomal intergenic spacer analys is 
(RISA)/automated ribosomal intergenic spacer ana lys is (ARISA) (Kirk et al. 2004). G+C 
methodology is based on the knowledge that bacteri a differ in their G+C molar content. 
Therefore, thi s information ean be used to study the bacterial diversity of soi l 
communiti es (Tiedje et a l. 1999). There are some di sadvantages to thi s methodology in 
thattaxonomieally related groups onl y differ between 3% and 5% which leads to a coarse 
level of resolution as diffe rent taxonomic groups might share the same G+C range. DNA 
reassociation is used to estimate diversity as a measure of genetic complex ity of the 
microbial community (Torsvik et al. 1990). The total DNA is extracted from 
environmenta l samples, purified, denatured, and allowed to reanneal. The rate of 
reassociation can be measured and will depend on the similarity of sequences present 
(i.e., as the diversi ty of DNA sequences increases, the rate at which DNA reassociates 
will decrease). DNA-DNA hybridization has been more recently used together with 
DNA microarrays to detect and identify bacterial species (Cho and Tiedje 200 I) or to 
assess microbial diversity (Greene and Voordouw 2003). The microarray can then either 
contain speci fi c target genes to provide functional diversity in fo nnation or can contain a 
sample of envi ronmenta l DNA fragments representing different species fo und in the 
environmental sample. While the above approaches to assessing diversity have not been 
based on PCR, there are several that are PCR based. 
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The first of these Pe R-based methods is DGGE and TGGE. They are very 
simi lar with the only di fferences being the method of species separation. During 
denatu ration, DNA melts in "domains", which are sequence specific causing di fferenti al 
migration through a polyacrylamide ge l. DGGE has a gel with a gradient of increas ing 
concentrations o f fonnamide and urea that causes di fferent melting behaviors o f the 
double-stranded DNA (Muyzer 1999). TGGE uses the same principle as DGGE except 
the gradi ent is temperature rather than chemical denaturants. By examining these ge ls, 
different commun ity analyses can be made and species identified by band sequencing. 
ssep is another technique that reli es on separation of DNA based on di fferences in 
sequences. Here, single-stranded DNA molecules are separated on a polyacrylamide gel 
based on differences in mobility caused by their folded secondary structure (Lee et al. 
1996). R.FLP or ARDRA is yet another tool used to study microbia l di versity that relies 
on DNA polymorphisms. pe R amplified rDNA is digested with restri ction enzyme(s) 
that cut DNA at a particular sequence segment. This causes di fferent fragment lengths 
which can be detected using agarose gels. These banding pattems can then be analyzed to 
assess diversi ty and unique species sequenced (pace 1996). T-RFLP uses a similar 
technique as RFLP except that one o f the pe R primers is labeled with a nuorescent dye. 
This allows detection of onl y the labeled tenninal restriction fragment, which is detected 
in a capillary sequencer and yields community pattems but rarely species identi fications 
(Liu et al. 1997). Finally, R.ISA and ARlSA also provide ri bosomal-based fingerprinting 
of the microbial communi ty. In RlSA and ARISA , the intergenie spacer region between 
the 16S and 23S ribosomal subunits is ampl ified by P R, denatured, and separated on a 
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polyacrl yamide ge l under denaturing conditions. In RlSA , the sequence polymorphisms 
are detected using a silver stain while in ARI SA the forward primer is nuorescently 
labeled and automati cally detected with the use o f an automated sequencer with laser 
detection (Fisher and Triplett 1999). 
Each of the molecular techn iques has its advantages and disadvantages. One of 
the most important advantages is lhat most molecular-based techniques do not require 
culturi ng and allow for detection of many di fferent phyla and may give a more accurate 
account of the most numerica ll y dominant organisms (Janssen 2006). Generating 
ri bosomal sequence data is also an advantage to ultimately describing species. Sequences 
obtained th rough direct ampl ifi cation from the environment provide the only information 
available for 99% of the prokaryotes in most natural communities (Schloss and 
Handelsman 2004). Some analyses can be made for the community as a whole without 
using molecular techniques, but it is necessary to acquire sequence data to detemline 
diversity on a species or even phylum leve l. 
There are several biases invo lved in using molecular microbial ecology methods 
including lysis e ffi ciency of cell s (Kirk et al. 2004). Since bacteri a ex ist in or on the 
surface of soil aggregates, the ability to separate these cclls from so il components is vital 
fo r studying biodiversity. The method of DNA or RN A extraction used can also bias 
diversi ty studies. If the method used is too harsh, nucleic acids can be sheared, which 
might cause problems wi th PCR. It is important to remove humic acids which can be 
coex tracted and interfere with PCR analysis as well (Ki rk et al. 2004). P R, in general, 
which is used in most molecular techniques can also cause biases. Some of these issues 
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include different affinities of primers to templates, different copy numbers of target 
genes, and primer specificity (von Wintzingerode et al. 1997). Other issues mostly 
stemming from peR include that sequence artifacts may arise due to the fOllllation of 
chimerical molecules (Acinas et al. 1997; Hugenholtz and Huber 2003; Qui et al. 200 I; 
Wang and Wang 1997), the fonnation of heteroduplex molecules (Speksnijder et al. 
200 I; Qui et al. 200 I), Taq DNA polymerase error (Eckert and Kunkel 199 1; Qui et al. 
200 I), and heterogeneity of 16S rDNA sequences (von Wintzingerode et al. 1997). 
Phylogenetic studies using RNA, and eventually DNA, extracted directly from the 
environment have played a key role in exposing the gap in our knowledge about 
microbial species diversity (Handelsman 2004). This new ability to uncover taxonomic 
relationships for large numbers of species based on extracted DNA, combined with 
creative culture-based techniques designed to identify novcl species, will provide insight 
into the biology, physiology and ecology of many presently unknown organisms living 
on this planet. This cou ld lead to countless applications in biotechnology, medicine, 
bioremediation and environmental monitoring. 
For this experiment, I decided to use molecular-based techniques. This is because 
pure culture techniques alone are inadequate for describing all naturally-occurring 
microbial assemblages, because appropriate media and conditions for growth are simply 
not well-developed, avai lable, or practically feasible for microorganisms to be 
representative of their actual ecological niches (DeLong and Pace 200 I). New 
developments from the 1980's and fOlward have allowed for more accurate descriptions 
of natural microbial diversity. The cultivation-indcpendent approach involves the 
I I 
recovery of phylogenetic ally informative gene sequences, usually from 16S rDNA 
nucleic acids extracted directly from microbial biomass. These infon11ative gene 
sequences extracted from mixed microbial popUlations can be isolated as DNA clones 
and then sorted and sequenced to allow for this biodiversity to be better understood 
(Delong and Pace 200 I) . Even with some biases in these methods, these culture-
independent methods should allow for detection of numerous bacterial species, including 
the detection of unculturable species. in comparison to cu lturing, they also allow for a 
faster assessment of diversity and a less biased assessment when considering bacterial 
communities. 
Great Smoky Mountains National Park (GSMNP) is a 2,200 km2 reserve that lies 
on the mountainous divide between the states of North Carolina and Tennessee 
("Discover Life", 2004). Some 95% of this area is forested , with much of it subjected to 
disturbance (e.g., logging, road building, air pollution, etc.) at some point in the past. 
GSMNP is known for its temperate forest richness, old-growth forests, and its diversity 
of species. As a result, an extensive study of the biodiversity inside the park is being 
conducted. This study, started in 1997, is known as the All Taxa Biodiversity Inventory 
(ATBI) (Sharkey 200 I) . This study concentTates on three questions: what is it, where is 
it, and what does it do? Therefore, the va lue of the ATBI is not just placed on what is 
found, but also on discovering the organisms' park-wide distribution, relative abundance, 
seasonality and ecological relationships. Even though insects, arachnids, and vertebrates 
have been the main focus of the inventory, recently a new interest has also developed in 
the study of prokaryotes and their diversity and importance throughout the park 
12 
(O'Connell 2002, 2003). Previously, about 250 bacteri al species have been cultured and 
categorized in the park and three have been categori zed that are uncultured (O'Connell , 
personal communication). 
Some preliminary data have already been collected from GSMNP using culture-
dependent studies (Figure 3). From 80 isolates sequenced six diffcrent phyla were 
observed of bacteria grown on so lid media (O' Connell, submitted for publication) . These 
included Firmicliles, AClillobacleia, Bacleroideles, Alphaproleobacleria, 
Belaproleobacleria , and Gammaproleobacleria . When looking at Albri ght Grove the 
predominant phylum was Firlllicliles (- 80% of iso lates), but in Cata loochee the 
predominant phyla were the Belaproleobacleria and FirmiclIIes with BaCleroideles and 
Gammaproleobacleria of secondary dominance. In Purchase Knob, Firmicliles was 
dominant and the Belaproleobacleria and AClillobacleria codominated, secondaril y. 
There was a much higher diversity at the genus level at the two second-growth forest 
sites compared with the old-growth forest site. It was also interesting to see that while 
Cataloochee and Purchase Knob both contained all six divisions, Albright Grove only 
had four and Alphaproleobacleria and Gammaproleobacteria were not observed there. 
Via these culture-dependent methods, differences between si tes was observed, and 1 
hypothes ized differences would also be seen through culture- independent methods. 
13 
Cataloochee 
0 Firmicutes -Actina -Seta o Alpha -Sac 4 Phyla 6 Phyla 6 Phyla 
,0 Gamma 
7 Genera 17 Genera 13 Genera 
23 Isolates 30 Isolates 27 Isolates 
Figure 3. Phylum level di versity (in percent total for each group) for bacteri a cultivated 
from soil from the three sites in thi s study, showing predominancc of thc Firmicllles at 
the old growth forest site and higher diversity for the two second growth sites; samples 
wcre obtaincd from bulk soils near hemlock. (Bac is Ilacteroidetes; Actino is 
Actinomycetes; Alpha, Beta, and Gamma are subphyla within the Proteobacteria. 
Due to the diversity of ccosystcms throughout thc park, there is much to learn 
about the relationships and differences between bacteri al species within each location. 
The three sites that I explored within GSMNP were the Albright Grove, Cataloochee, and 
Purchase Knob long-term A TBI study plots (F igure 4). Each of these sites di ffers by 
forest type, soil chemistry, and elevation (Sharkey 200 I; Table I). It has been shown that 
diversity of soil microorganisms is determined primarily by the vegetative cover but also 
by the climatic and soil conditions (Campbell et al. 1999). Changes in land use will 
affect microbial diversity and also the balance between different microbial processes. 
Studies observing microbial community changes after forest impacts such as ash 
treatment, clear-cutting, and prescribed burning found that r-strategists predominated the 
community directl y after the forest di sturbance, taking advantage of the lack of 
competition and readily decomposable substrates (Staddon et al. 1998). After time, K-
14 
strategists increased in numbers as the community became more complex . Such 
complexi ty should already exist in forests that have not experi enced any major impacts. 
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Table I. Three biodi versity reference plots examined in thi s stud y and previously 
established for the Great Smoky Mountains Nati onal Park All Taxa Biodiversity 
Inventory. 
ATB] plot Albright Grove Cataloochee Purchase Knob 
Forest C lass Montane Cove Mesic Oak Northern Hardwood 
Watershed Indian Camp Creek Cataloochee reek Cove Creek 
Geology 
Thunderhead Thunderhead 
Biolite Augen Greiss 
Sandstone Sandstone 
Disturbance 
Und isturbed Chestnut Blight Logged 
History 
Elevation ( ft) 3,390 4,530 5,020 
Soil pH 4.3 4.3 4. 8 
Phosphorus (P) 
18.7 13.3 12.0. 
ppm 
Potassium (K) 93.3 81.7 85.7 
Calcium (Ca) 
224.8 222.8 274.3 
ppm 
Magnesium (Mg) 
35.3 35.2 42.7 
ppm 
Organic Matter 
3.9 3.8 3.5 (%} 
The purpose o f thi s stud y was to use direct mo lecular-techniques, i.e., DNA 
ex traction , PCR, and molecular cloning, to compare bacterial communities among the 
three sites and a lso to compare communiti es based on previous culture-dependent data. It 
was hypothesized that mo lecular bacteria l diversity from so il would di ffer among the 
th ree forested sites because o f chemica l, vegetational, and land history differences. 
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Molecular techniques should also select for di fferent bacteri al species to be identifi ed 
when compared to cultured bacteria from the same sites (based on previous work by 
O'Connell). This would presumably be due to the differences between easi ly-culti vated 
bacteria versus rare and/or culture-resistant species. 
Methods and Materi als 
Soil Sample Collection 
Soil samples were co ll ected from three AT BI plots in GSMNP (A lbri ght Grove, 
Cataloochee, and Purchase Knob) on February 13th , 2005 and placed on dry ice. The soil 
samples were collected using aseptic techniques by removing the leaf litter and any roots 
wi th EtOH rinsed and name steril ized tools (small shovcl and garden trowel). The so il 
was then homogenized in the upper 4-5 inches of the ground and an aliquot transferred to 
a steril e 50 mL ccntri fuge tube. Three replicates were taken at each site from near 
Eastern Hemlock (Tsuga Calladensis) stands and wcre wi thin 100 feet of each other. Soil 
pH measurements were also taken at each s ite (Table I). 
Methods Development 
DNA Extraclion. Comparisons were made using the max imum yield protocol from the 
Mo Bio Ultra lean Soil DNA Iso lation Kit and the Mo Bio PowerSoil DNA Iso lation Kit 
with the alternati ve lysis method (Mo Bio Industrics, Inc., Solana Beach, CA). D A was 
ex tracted directl y from the so il o f Albright Grove repl icate I and Purchase Knob replicate 
I. Compari sons o f the kits were made in an attempt to minimize humic ac id content in 
samples in o rder to max imize PCR ampl ifi cation. The PowerSoil DNA Iso lation Kit has 
an ex tra propri etary chemical added to help rcmovc humics. A 1% agarose gel stained 
wi th ethidium bromide was run at 45V fo r 90 minu tes and viewcd wi th UV ill umination 
to compare the DNA from the extraction kits . 
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peR Amplification. PCR of 16S rONA was performed to amplify total bacterial 
community DNA and further compare the DNA isolation kits. Final DNA extracts fTom 
both Albright Grove replicate 1 and Purchase Knob replicate I were ampli lied at both 
100% and 10% concentration. PCR was conducted using a "touchdown" approach using 
primers 34 1 F and 907R (based on Escherichia coli numbering; Casamayer et al. 2000). 
PCR conditions that were used to amplify the 16S rONA gene fragment were as follows 
(volumes are per reaction): Master Mix = Eppendorf nuclease free water, 1 % 1gepal, 
Eppendorf Buffer ( l OX), 34 1 F primer (25pmol/~L), 907R primer (25pmo lh lL) , 2.5U 
EppendorfTaq, and Eppendorf dNTPs (1 OmM each). To 49.5~L of master mix was 
added 1.0~L of DNA. Thermal cycler (EppendorfCorporation, Westbury, NY) 
condi tions [or " touchdown" P R were as follows : Initi al Denaturation: 5 minutes at 
94°C; 30X PCR cycles7 Denaturation: 1 minute at 94°C, Annealing: 1 minute at * °c --
*Start at 65°C (2X), drop 1°C each cycle (lOX), end at 55°C (18X), Elongation: 3 
minutes at 72°C; Fi nal Elongation: 7 minutes at 72°C; and Sample Hold: 00 at 4°C. A 1% 
agarose gel stained with ethid ium bromide was run at 90V for 30 minutes to compare 
amplified products from all samples. 
Dellaturillg Gradiellt Gel Electrophoresis (DGGE). DGGE methods (adapted fTom 
Muyzer et al. 1998) consisted ofa polyacrylamide gel impregnated with a gradient of 
20% (urealformamide) to 60% (urealformamide) to which 20~L of community PCR 
products were added. A Bio-Rad 0 ode Universal Mutation Detection system (Bio-Rad 
Laboratories, Hercules, CA) was used to electrophorese samples at 65V for 15 hours at 
60°C. Gels were stained with ethidium bromide for thirty minutes, destained [or ten 
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minutes, and photographed with UV illumination using an EDAS 290 gel imaging system 
(Eastman Kodak Company, Rochester, NY). Band locations correspond to unique 
species, with each sequence becoming immobilized at its mimicked melting temperature 
in the urealform amide gradient. Bands in the same verti cal position hypotheti cally 
represent the same species, while those that are staggered likely represent different 
species. 
Methods Used in the Full Study 
DNA Extractioll . The PowerSoil DNA Isolation Kit was used with the alternative lys is 
method. DNA was ex tracted directl y from the soi l of each replicate from all three sites, 
screened using agarose gel electrophoresis, and stored at -20°C for later PCR 
amplification. 
PCR Amplificatioll (/500 bp). Approx imately ISOO base pair fragments of the 16S rONA 
from the mixed bacterial species were amplified using bacterial primers 27F and 1492R 
(based on Escherichia coli numbering; Corinaldes et al. 200S). Albri ght Grove, 
Cataloochee, and Purchase Knob replicates were all diluted to 10% and amplified using 
the same PCR chemical conditions as before (substitut ing 27F1I492 R primers for 
341 F/907 R primers) . Thennal cycler conditions were as fo llows (Corinaldes et al. 200S): 
In iti al Denaturation: 3 minutes at 94°C; 30X PCR cycles~ Denaturation: I minute at 
94°C, Annealing: I minute at SSOC, Elongation: 2 minutes at n oc; Final Elongation: 10 
minutes at n oc; and Sample Hold : 00 at 4°C. P R products were screened as before in 
an agarose gel. 
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PCR Cleall-Up. Montage PCR Centrifuga l Filter Devices (Millipore Corporation, 
Bedford, MA) were used for PCR product purification. This step allowed for high 
quality nucleic acids for use in molecular cloning, RFLP, and sequencing reactions. 
Molecular Clonillg. Approximately 1500bp P R fragments were cloned into 
Escherichia coli using the pGEM-T- Easy Vector System (Prom ega Corporation , 
Madison, WI) usi ng a three step approach (protocol shared by R. Lehman, unpubli shed) . 
First, li gation was pcrformed from the products obtained through PCR and P R c lean-up. 
Ligation reactions were set up in PCR tubes for all products as fo llows and refrigcrated 
overnight: 
Reagent 3: I I: I 1: 3 
2X Rapid Buffer 5)1L 5)1L 5)1L 
Vector I)1L I)1L I )1L 
T4 DNA Ligase I)1L I,lL I)1L 
H2O 2,lL 2,lL 2,lL 
PCR Product· I)1L I)1L I)1L 
· pe R products were lIsed at different concenlTations 
in an effort to maximize the number oftra llsformcd cultures 
3: I Sample = Straighl PCR products 
I: I Sample = 3flL PCR products + 9pL water 
1:3 Sample = I pL or I: I Sample + 2flL water 
Transformation was pcrformed by first withdrawing 2)1L of the li gati on rcaction and 
placing it into new, sterile P R tubes. The next step was to transfer 50,lL of JMI09 
E.coli ccll s into each tube, mix gentl y, and incubate in an ice bath for 20 minutes. These 
tubes were then placed into a 42° water bath for 45-50 seconds and then returned to the 
ice bath for another 2 minutes. These contents were placed into 950,tL ofroot11 
temperaturc 0 Mcdia [per I OOmL; 2.0g tryptone, 0.5g yeast cx tract, I mL o f 1M NaCI , 
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0.25m L o f 1M KCI, lOlL of 2M Mg2+ stock (20.33g MgCI2.6H20, 24.65g MgS04.7 H20 
in I OOmL water; filter sterilized), lOl L o f 2M glucose stock (filt er sterili zed) Mg2+ and 
glucose added after autoclaving the other ingredients] in sterile 15mL tubes and 
incubated at 1.5 hours at 37°C shaking at 150 RPM. Ten microliters of 5-bromo-4-
chloro-3-i ndolyl-beta-D-galactopyranoside (X-Gal) and 50l1L of isopropyl-beta-D-
th iogalaetopyranoside (lPTG) were spread onto fresh Luria-Bertani (LB)/Ampicillin 
(AMP) plates and wanned in a 37°C incubator (according to manu factu rer's 
recommendations). Contents of each tube were plated at I OOI1L per culture onto these 
warmed LB/AMP/IPTGIX-Gal plates and incubated upside down for 20 hours at 37°C. 
The final step for molecular cloning was blue/white screening. After the 37°C 
incubation, the plates were refri gerated for 1-2 hours and then the plate with the PCR 
dilutions that produced the greatest number of white colonies was chosen for clone 
selection. Colonies (150 per site) were co llected using steril e toothpicks, placed into 
numbered LB/glycerol tubes ( I 00 ~lL of 15% glycerol in 200 ~lL P R tubes), and stored 
at -70°C until further processing could occur. Numbcring of colonies was as fo llows: 
Albright Grove replicate I = numbers I-50, Albright Grove replicate 2 = numbers 51 -
100, Albright Grove replicate 3 = 10 1- 150, Cataloochee replicate I = 151-200, 
Cataloochee repl icate 2 = 20 1-250, Cataloochee replicate 3 = 25 1-300, Purchase Knob 
repl icate I = 30 1-350, Purchase Knob replicate 2 = 35 1-400, and Purchase Knob repl icate 
3 = 40 1-450. 
Whole Cell PCR. Colonies from molecular cloning were plated out onto fresh 
LB/AMPIIP TGIX-Gal plates. Colonies that sti ll grew up whi le were used during whole 
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cell PCR. Protocols for whole cell PCR required two separate reactions to be set up. The 
pre-master mix required a IOflUreaction so lution while the post-master mi x required a 
39.5flUreaction so lution to be set up. The pre- master mix consisted of9 ~IUreacti on 
volume o f nuclease free water and 1.0fl U reaction vo lume of PCR buffer ( l OX). This 
solution was mixed and di spensed as 10fl U reaction into labeled P R tubes. White 
colonies were collected o rf of the plates using toothpicks and mixed into thi s 10flL 
solution. Tubes wcre placed into a thCIlllal cycler and the cell lysis accomplished at 99°C 
for 15 minutes. Arter thi s step hot start was run at 80° fo r 5 minutes (thi s step was used 
to place the post-master mix so lution into tubes). The post-master mix consisted of 
nuclease free water, PCR Buffer ( lOX), 1% [gePal , M 13 FOlward pri mer (25pmollfl L), 
M 13 Reverse primer (25pmol/flL) , 2.5U DNA Polymerase Taq, and dNT Ps ( I OmM ea.) 
for a total vo lume of 39.5~IL. Thermal cycler condi tions were then cont inued with an 
Ini tial Denaturation: 4 minutes at 94°C; 30X PCR cycles-7 Denatu ration: I minute at 
94°C, Annealing: I minute at 55°C, Elongation: I minute at n Oc; Final Elongation: 4 
minutes at n Oe; and Sample Hold : 00 at 4°C. Products were screened as previously. 
Montage PCR clean-up was also performed for each working product to be used in 
RFLP. 
Restriction Fraglllent Length PolYlllorphislII (RFLP). RFLP digestions were perfo rmed 
fo r each P R product (protocol shared by R. Lehman, unpublished). Master mix so lution 
vo lumes were made as fo llows: Eppendorf nuclease free water, Buffer B ( l OX), BSA 
( I OmglflL), Rsa I restri ction enzyme ( I OU/fl L), and Msp I restri ction enzyme ( I OU/~I L) 
(Promega, Inc., Madison, WI). The master mix was mixed well and 10fl U reaction was 
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dispensed into labeled PCR tubes. I OflL of each whole cell PCR product was then added 
to each PCR tube, spun down, and placed into a thermal cycler. Restriction digest 
conditions were as follows: 3 hours at 37°C, 15 minutes at 65°C, and then held for ex) at 
4°C. These products were run on a RFLP ge l prepared as follows: 12SmL of cold I X 
TBE was placed into a container along with a Tenon coated stir bar and stirred rapid ly on 
a magnetic stir plate; S.Og of Metaphor agarose (Cambrex Bio Science Rockland, lnc., 
Rockland , ME) was slowly added and allowed to stir for 15 minutes until all cl umps were 
gone; this mixture was then placed into a microwave and heated to the point of boiling; it 
was then placed back onto the stir plate for another 15 minutes (this time stirring slowly); 
the mixture was placed into the microwavc again and heated until all granules had been 
disso lved; it was then placcd back on the stir plate until the so lution had reached 50-60°C. 
Ethidiull1 bromide was added to the agarose so lution and poured into gel casts; gels were 
then allowed to so lidi fy (10- 15 minutes) and TBE buffer was then added to the top of the 
ge ls. Finally, each gel was placed in the refrigerator for 10-15 minutes . I OIlL of each 
PCR product digest a long with I.S IlL of loading dye was added to each well. This was 
run at 21 OV for three, I minute intervals with 10 second pauses in between and then at 
68V for 180 minutes. Afterwards, images were captured using UV transi llumination and 
banding patterns ana lyzed to detect unique DNA sequences. 
Sequel/cil/g. PCR using primers 34 1 F/907R was performed on the clone inserts from 
unique banding patterns to ampli fy - SSObp of the product. The PCR products were 
cleaned usi ng AutoSeq Sephadex -50 spin columns (Amcrsham Biosciences, 
Piscataway, NJ). After cleanup, sequencing PCR products were dried using a speed 
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vacuum. Samples were resuspended in I O~lL l-liDi formam ide (Applied Biosystems) and 
then sequenced using the BigDye Terminator Version 3.0 Cycle Sequencing Kit and a 
3 130 Automated DNA Sequencer (Applied Biosystems, Foster City, CAl. 
Sequences were compared to previously identifi ed clones and isolates that were in 
the Ribosomal Database Project II (ROP II) using both the "Classificr" and "Sequence 
Match" programs (Maidak, 200 I) . All sequences were checked for chimeras by first 
align ing them wi th ClustalW (Vector NTI , Invitrogen, Inc., Carl sbad, CAl and then using 
the Belephron (Huber et al. 2004), Mallard and Pintail computer programs (Ashelford et 
al. 2005). 
DNA sequence similarity matrices and simple phylogeneti c trees were generated 
by Vector NTI following alignment using Clusta lW in order to better compare the 
sequences from each clone with other clones identified to the same phylum . Trees were 
created using the neighbor-joining algorithm. A similarity matri x was generated For each 
phylum containing more than three sequences in order to make compari sons regarding 
how similar these clones actually were (based on percentages). 
All sequence data will be depos ited in the ATBI and GenBank (and directly into 
the ROP II) databases . 
Results 
Methods Developmellt 
The Mo Bio Ultra lean Soil kit yielded the highest amount of genomic DNA 
(Figure 5). However, the PowerSoil kit yielded the strongest bands of PCR products (at 
10% strength so lution of extracts (Figure 6) and was used for the full study. When 
compari ng molecular techniques for community analysis, DGGE did not yield adequate 
banding pattell1s (results not shown) for further analysis, and molecular clon ing was used 
instead. 
Methods Used /11 Soil Study 
Molecular Clollillg Results. All three sites from which samples were collected showed 
amplification of bacterial l6S rDNA. Molecular cloning of samples from Albright 
Grove, Cata loochee, and Purchase Knob yielded 450 clones (50 clones from each soil 
sample replicate, 150 clones from each si te). These numbers decreased as clones were 
re-streaked and then again as whole cell pe R was performed (Table 2). 
26 
27 
2 4 s 6 
Figure S. Compari son of Mo Bio Power oil DNA Isolation Kit and Mo Bio UltraClean 
Soil DNA Isolation Kit for yield of genomic DNA from soils from Great Smoky 
Mountai ns National Park . This gel shows that there is more genomic DNA in the 
UltraClean Kit. Lane I, AlHind II I ladder; lanes 2 and 3, AG-Ultra and PK-U ltra, 
respectively; lanes 5 and 6, AG-Power and PK-Power, re peeti vely. (AG= Albright 
Grove; PK= Purchase Knob; Ultra=Ultra lean Kit ; Power= Power oi l Kit). 
600 bp 
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2 3 4 5 6 7 8 9 10 11 
Figure 6. Agarose gel of PCR amplification products comparing the UltraClean DNA 
Iso lation Kit with the PowcrSoil DNA Iso lation Kit for diluted and undiluted genomic 
DNA stocks, showing that the PowerSoil Kit with D A diluted to 10% had the best 
amplification. Lane I, PCR ladder; lanes 2 and 3, (-) trl and (+) Ctrl, respectivel y; lanes 
4 to 7, AG-Ultra 100%, AG-Ultra 10%, PK-Ultra 100%, and PK-Ultra 10%, respectively; 
lanes 8 to II , AG-Power 100%, AG-Power 10%, PK-Power 100%, and PK-Power 10%, 
respectively. (AG= Albright Grove; PK= Purchase Knob; Ultra=UltraClean Kit; Power= 
PowerSoil Kit). 
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Table 2. Results fro m each site showing how many white clones were chosen form each 
site, how many c lones were actuall y white (after new streak on fresh LBI AMP/X-
GalllPTG plates), and how many clones had the correct insert after whole ce ll PCR. 
(AG= Albright Grove, CAT=Cataloochee, and PK= Purchase Knob; -X corresponds to 
replicate number). 
Sample #White Clones Actuall y White Correct Insert 
AG- I 50 45 43 
AG-2 50 24 23 
AG-3 50 33 32 
CAT- I 50 30 26 
CAT-2 50 2 1 20 
CAT-3 50 29 22 
PK- I 50 3 7 
PK-2 50 II II 
PK-3 50 10 8 
RFLP Results. Banding patterns fro m R.FLP resul ted in 180 unique banding patterns 
fro m the three sites (Fi gure 7). Onl y four c lones shared bandi ng patterns within Albright 
Grove and only two clones shared banding patterns between Albright Grove and 
ataloochee. 
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-
600 bp 
Figure 7. Example ofa restri ction fragment length polymorphism (RFLP) gel used to 
comparc banding patterns betwecn clones. Each lane represents a different clone from 
Albright Grove. Lane I, PCR ladder; lancs 2 to 10, A 12, AS2. ASS, AS7, AS8, AS9, 
A I02, AI04, and AIOS, respccti vely. (A = Albright Grove; -X corrcsponds to replicate 
number) 
Sequencing and ROP 1/ Resl1/rs. equences were acquired for 177 out of 192 c lones 
corresponding to unique banding patterns. Three sequences of the 180 unique banding 
pattern sequences had ten or more bases that were indecisivc and were not uscd. 
Sequences were then entered into the RDP II " lassifier" and "Sequence Match" 
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programs, and a complete list of species classifications is given in Appendix A. RDP \I 
analyses resulted in II total phyla for all sites. These II phyla were Acidobacleria, 
Firllliclites, Alphaproteobacteria, Betaproteobacteria. DeltaproteolJOcteria. 
GallllJlaproteobacteria, Actillobacteria, Verrtlcolllicrobia, Piallctolllycetes, Bacteroidetes, 
and OP I 0 (Figure 8; Table 3). In Albright Grove there were nine phyla represented with 
Acidobacteria being the dominant phylum follwed by the Firllliclites. The 
Alphaproteobacteria were the nex t dominant at 9% followed by the Vermcomicrobia and 
Gallllllaproteobacteria at 3% each. OPIO, Actillobacteria, Deltaproteobacteria, and 
Piallctolllycetes were all at I % (Figure 9). In Cataloochee there were eight phyla 
represented with Acidobacteria also being the dominant phylum followed by the 
Firlllictites, Alphaproteobacteria, and Piallctolllycetes. The Bacteroidetes. 
Belaproteobacteria. Gallllllaproteobacteria, and Deltaproteobacteria all followed as 
being the least common at Cataloochee (Figure 10). In Purchase Knob there were eight 
divisions represented with the Proteobacteria dominating followed by the Acidobacteria 
and Firlllictites . The least common were the OP I 0 and Betaproteobacteria (Figure 11). 
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3% 1% 3% 1% 
20% 
II OP10 1 
II Verrucomicrobia 
0 Adinobacteria 
5% 
0 Firmicutes 
II Acidobacteria 
c Planctomycetes 
II Baderoidetes 
0 Alpha 
II Bela 
II De~a 
0 Gamma 
51% 
Figure 8. RDP II "Classifier" results for phylum level diversity among all three sites 
from this study. Dominance is shown by the Acidobacleria followed by the Firmicules. 
(Alpha, Beta, Gamma, and Delta are subphyla within the Proleobacleria division). 
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Table 3. Phylum level diversity for bacterial 16S rONA sequences cloned from soi l from 
the three study sites in Great Smoky Mountains National park (number is the total 
number of clones obtained). 
Vern/com icrobia 
Plallctomycetes 
OPIO 
Firmiclltes 
Acidobacteria 
Bacteroidetes 
Actillobacteria 
AlphaproleobaCleria 
Belaproleobacteria 
Deltaproleobacteria 
Gammaproteobacteria 
Albright 
Grove 
3 
21 
52 
o 
8 
o 
3 
Cataloochee 
o 
8 
o 
9 
33 
2 
o 
8 
2 
2 
Purchase 
Knob 
2 
o 
5 
6 
o 
o 
2 
2 
2 
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01'10 l • Vcrrucomicrobio 
a Actinobactcria 
a Firmicutes 
• Acidobactcrio 
c Illnnctomycctcs 
• Bactemidctes 
c A lpha 
• Beta • Delta 
a Gamma 
Figure 9. RDP (( "Classifier" results for phylum level diversity in the Albright Grove 
ATBI si te, showing the dominance of the Acidobacleria. (Alpha, Gamma, Delta arc 
subphyla within the Proleobacteria division). Acidobacleria = 58%; Firmicutes = 23%; 
Alphaproteobacteria = 9%; Gammaproteobacleria = 3%, Verrucomicrobia = 3%; 
Actinobacteria = 1%; OPI 0 = 1%; De/laproleobacleria = 1%; and Planctomyceles = 1%. 
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" QPIO • Vcrrucomicrobia 
0 AClinobactcria 
0 Firmicules 
• Acidobacleria 
c 1)lanctomYCC1CS 
• Bactcroidctcs 
0 Alpha 
J 
• Ik lD 
• Delio 
0 G Ilrtl 0l8 
Figure 10. RDP II "Classifier" results for phylum level diversity at the Cataloochee 
ATBI site, showing dominance by the Acidobacteria. (Alpha, Beta, Gamma, Delta are 
subphyla within the Proteobacteria division). Acidobacteria = 51 %; Firmicutes = 14%; 
Alphaproteobacteria = 12%; Planctomycetes = 12%; Bacteroidetes = 3%; 
Betaproteobacteria = 3%; Deitaproteobacteria = 3%; and Gammaproteobacteria = 2%. 
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a O?I O 
• Verruoomicrobia 
D ACllOobacteria 
D Firmicutes 
• Acidobactcria 
c I'lanClom),CCICS 
• Bactcroidctcs 
D Alpha 
• Beta 
• Delta 
D Gamma 
Figure II . RDP" "Classifier" results for phylum level diversity at the Puchase Knob 
ATBI site, showing codominance by the Acidobacteria and Firmiclltes. (Alpha, Beta, 
Gamma, Delta are subphyla within the Proteobacteria division). Acidobacteria = 28%; 
Firmiclltes = 23%; Alphaproteobacteria = 10%; Deltaproteobacteria = 10%; 
Gammaproteobacteria = 10%; Verrllcomicrobia = 9%; OP I 0 = 5%; and 
Betaproteobacteria = 5%. 
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It was interesting to see how di versity not onl y differed between sites, but also 
within sites between repl icates. This could be viewed in Albright Grove (Figure 12), 
Cataloochee (Figure 13), and Purchase Knob (Figure 14). In Albright Grove, replicate I 
has the highest amount of diversity representing seven different phyla, while replicate 2 
has fo ur and replicate 3 has five. In Cataloochee, it may appear that each replicate has 
the same amount of di versi ty because they each have the same number o f phyla 
represented, but the di versity li es in the di fferent phyla represented and the proportion 
that each is represented. For example, in replicate I the Piallclolllycetes are the second 
most dominant phylum, in replicate 2 the Firlllicules are the second most dominant 
phylum, and in replicate 3 the Firmicules and Alphaproleobacleria are the second most 
dominant phyla. Also, the Bacleroideles are onl y found in replicate 2, but the 
Belaproleobacleria are found in every replicate except replicate 2. Similarl y, the 
Gammaproleobacteria are only found in replicate 3, but the Dellaproleobacleria are 
fo und in every replicate except replicate 3. In Purchase Knob, the same trend is in effect 
and can not see the overall diversi ty of the site by only looking at one replicate. For 
example, the FirmiclIles are not even seen in replicate 3, but the Belaproleobacteria are 
only found in replicate 3. QPI O is onl y found in replicate I, but both the 
Vermcomicrobia and Gammaproleobacleria are fo und in every repl icate except replicate 
I. 
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Another interesting result found when looking at the RDP II "Classifier" data was 
the number of genera detected in the eleven phyla (Table 4). These data suggest that the 
Firllliclites represents the phylum with the 1110st genera detected (20). It is also 
noteworthy that within the 1110st predominant division , Acidobacteria , there is only one 
genus, A cidobacterilllll . 
The proposed phyla OP I 0, Bacteroidetes. AClillobacleria, and Betaproteobacteria 
were not included in treeing since few clones were obtained from these groups, however, 
differences were seen between sites. Sequences 19 and 307 were of the phyla or I 0 and 
were 94% similar. Sequences 205 and 249 were of the phyla Bacteroidetes and were 
9 1 % similar. For the Acidobacteria, there were eight sets of clones that had 100% 
sequence identities after alignment. These were clones 1,2,38; 90, 118; and 104, 140 
from Albright Grove; 176, 197; 209, 213; and 168, 192,219 from Cataloochee; and 102, 
257, and 127, 275 (rol11 Albright Grove and Cataloochee. One Firllliclites clone overlap 
was also seen, between 183 and 241, both from the Cataloochee s ite. 
Trees were constmcted by grouping aligned clones by phylum or di vision for any 
group which had more than three sequences, including the Acidobacteria (Figure 15), the 
Firmicures (Figure 16), the Plallctomycetes (Figure 17), the Verrtlcolllicrobia (Figure 
18), the Alphaproteobacteria (Figure 19), the Deltaproteobacteria (Figure 20), and the 
Galllmaproteobacteria (Figure 21). By looking at these trees one can assume that clades 
of clones are likel y to be c losely related. These trees enable one to compare relatedness 
of clones across si tes to determine how unique each clade may be. For a simple example, 
in Figure 18, three clades of Verrucolll icrobia are illustrated, indicating c lones 23 and 3 1 
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Table 4. A complete li st of all the di fferent genera represented by the eleven phyla found 
within the entire clone library. (Each genus is co lor coded to correspond with its co rrect 
phylum). 
Division A Ibright Grove Cataloochee Purchase Knob 
Firlll icules A cel a lIaerobacteri U III A cidalll i lIobacler A lIaerobacu[1I11l 
Allaerogloblls Anaeroglobus Faeca I ibacleriulI/ 
B,y w/lella F aecalibaclerilllll Soeill/gellia 
Call1illicella l oill/sollella SlIbdol igra II ululIl 
Faecal i bacleri UIIl Quillella Them/acelogell iUIIl 
Gelria Sl lbdol igrallullllll 
Pelololllacul'llll Therlllacelogelli 11111 
Shllllieworlhia Therlllai/{/erolllollas 
SII bdol igra II II II 1111 Therlllobrach illlll 
SYlltrophotherllllls 
Therlllacelogellilllll 
Thermobrachi Ulll 
Thermodeslllfobium 
Therllloi/{/lobacter 
Alphaproleobacleria BlastocMoris Acidisphaera Rhodoplalles 
Bradyrhizobium Bradyrhizobiulll Roseomollas 
Odyssella Magllelospi ri Ilum 
Methy losillus Methy /osilllls 
P hell y l obacl eri 11m 
Tislrella 
Betaproleobacteria Burkholder;a Caell ibacterilllll 
Tepidiphilus 
Deltaproteobacteria Desul(omollile Deslliforeguia Hippea 
Gallll1laproteobacteria A Ikalispiri 1111111 [sochrolllatiul1l A IkalispirillulII 
Rickellsiella 
Thiorhodospira 
Acidobacteria AcidobacleriulII Acidobacterillll/ AcidobacteriulII 
Actillobacteria A cidim icrobilleae 
Bacleroidetes ChilillophaJ!a 
OPIO OPIO OPIO 
Plallctomyceles [sosphaera Isosphaera 
Plallclom yces 
Verrucomicrobia VerrucomicrobiulII Verrucomicrobi 11111 
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from Albright Grove cluster together but separately from clones 380 and 40 I, which form 
disti nct clades from Purchase Knob. For Plallclomyceles one clade indicated that clones 
137 and 190 were from A Ibright Grove and Cataloochee, respecti ve ly. The other clades 
consisted of six clones that wcre all from Cataloochee. For the AlphaproleoiJacteria 
clone 14 from Albright Grove is by itself while other clades have clones representing all 
three sites . The Dellaproleobacleria has three clades inidicating clone 2 from Albright 
Grove separate from clones 171 and 240 from Cataloochee and cloncs 330 and 41 5 from 
Purchase Knob. The Gammaproleobacteria has four clades wi th clone 83 from Albright 
Grove separate from clones 11 6 and 424 from Albri ght Grove and Purchase Knob, 
respecti vely. Also, clone 26 1 from Cataloochee is separate from clones 150 and 377 
from Cataloochee and Purchase Knob, respecti vely. For the Acidobacleria. 42 clades had 
clones represented in onl y one site and 16 clades had clones represented in two or more 
sites. For the Firmicutes, 20 clades had clones represented in only one site and only 2 
clades had clones represented in two sites . 
Finall y, the clones can be classified by grouping them within sequence similarity 
boundaries, a technique for simpli fying data for 16S rDNA sequences from clone 
libraries (Hong et al. 2006; Table 5). For each di vision, clones were grouped by 
sequence identiti es of 100% (same sequence), 99%, 98%, 97% (same species), 96%, 95% 
(same genus), 90-94% (same famil y/class), 80-89% (same phylum), and 70-79% and 60-
69% (deep differences between clones). Interestingly, for all d ivisions the majority of 
sequence identities fell in the 80-89% category. Therefore, over 50% of the clones were 
89% or less similar to the entire clone li brary. In the divi sion Acidobacteria the majority 
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were in the 80-89% and the 90-94% categori es, ind icating major subdi vis ions w ithin thi s 
phylum . This deep di version o f sequence s imilariti es was also true o f the 
Verrucomicrobia di vision. The Piallclolllyceles, Alphaproleobacleria, and 
Gammaproleobacteria c lones mostl y fell into the 80-89% category. The Firlll iclltes, 
Betaproleobacleria, and Deitaproteobacteria were largely in the 70-79% category. It 
was also noteworthy that the AcidobaCleria and Firlllicutes di visions were the onl y 
di vis ions where a 100% similarity was fo und with tcn ident ica l scquences bei ng found in 
Acidobacteria and one in the Firmicutes. For the OP I 0 and Bacteroidetes there were 
on ly two representati ves, which were found to be 94% and 9 1 % similar, respectively. 
Also, since there was onl y one rcpresentati ve for the di vision Actillobacteria, it was le ft 
out of Table 5; however, its closest relati ve in RDP \I was 78% similar to it. 
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Figure 15. Tree fonnation for the clones represented in the Acidobacteria phylum. 
(Pink=Albrighl Grove, (m:cn=Cataloochee, and Purple=Purchase Knob.) 
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Figure 16. Tree formati on for the clones represented in the Firmicliles phylum. 
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Figure 18. Tree fonnation for the clones represented in the Verrucomicrobia phylum. 
(Pink=Albright Grove, (irc<:n=Cataloochee, and Purplc=Purchase Knob.) 
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Figure 2 1. Tree formation for the clones represented in the Gammaproleobacleria sub-
phylum. (Pink=Albright Grove, (.rcen=Cataloochee, and Purplc=Purchasc Knob.) 
Discussion 
Bacteria are found in every environment that supports eukaryotes and even those 
that do not (Madigan et al. 2003). Due to the vast array of environmcnts within which 
these bacteri a are li ving, there is clearl y tremendous ecological di versity within the 
prokaryoti c world ( ohan 200 1). In fact, the amount of di versity is so hi gh that aner 
years of characteri zing the prokaryotic realm only a window to thi s diversity has been 
opened. Many different methods have been used to characteri ze prokaryotes resulting in 
patterns of individual organisms falling into di screte clusters on the basis of their 
phenotypic, ecological, and DNA sequence characteri stics (Cohan 200 I). lnterestingly, 
when observing community patterns of bacteria in soil a shin in what were thought to be 
the prevalent taxonomic di visions has occurred due to the availability o f modern 
molecular approaches to diversity (Janssen 2006). 
Soil bacteria are an essential component of the community in forests, and they are 
largely responsible for ecosystem functioning because they parti cipate inmost nutrient 
transformations (Hackl et al. 2004). Although the bulk of the di versity o f life has been 
proven to be microbial, the vast majority of soil bacteri a still remain unknown because 
onl y a minor percentage of naturally occurring microorganisms can be cultured (Pace 
1997). In 1977, Martin Alexander li sted in the second edition of hi s book Introduction to 
Soil Microbiology what were at that time considered to be the most important genera o f 
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soi l bacteri a based on cultivation studies. He suggested that there were nine genera that 
were signifi cant in soi ls: Agrobacterium , Alcaligelles, Arthrobacter, Bacillus, 
Flavobacterium, Micromollospora, Nocardia, Pseudomollas, and Streptomyces 
(A lexander 1977). Through the years si nce there have been two major changes in 
microbio logy that have caused thi s list to be called into question. First, many of these 
genera li sted have undergone taxonomic changes causing them to be grouped into othcr 
taxonomic categori es. Second, and possibly more important, new methodology using 
molecular approaches has allowed for surveying o f 16S rRNA genes in so il pennitting a 
more direct census of soil bacteria wi thout the limitations of culturing. These new 
approaches now show that Alexander's li st o f nine genera actuall y only make up about 
2.5 to 3.2% of soil bacteri a (J anssen 2006). 
I had proposed to see a different communi ty of bacteri a using culture-independent 
methods from prev ious culture-dependent work . This in fact was true. Previous culture-
dependent work resulted in the find ings of four different phyla and three subphyla 
(Figure 3). The four phyla found were Firmicutes, Bacleroideles, AClillomycetes, and 
Proteobacteria. Within the Proteobacteria the subphyla Alphaproteobacteria, 
Betaproleobacteria, and Gammaproleobacteria were found. Although these phyla and 
subphyla were also found in my study, the overall patterns of these phyla were different. 
For instance, at Albri ght Grove, the Firmicutes accounted fo r 75% of the iso lates. The 
Betaproteobacteria followed at about 15% and the Actillomycetes and Bacteroidetes were 
both at about 5% o f the iso lates. However, the molecular clone work from Albri ght 
Grove id icated that the Acidobacteria were dominant at about 58% of the community and 
the Finl1iclltes followed at about 23%. Following this trend , 1 observed that there were 
seven more phyla occurring in Albright Grove. Therefore, I was able to obtain a much 
higher phylum-level diversity with my clone work than the culture data showed. I was 
also able to detect unique phyla that are difficult to culture, but are apparently wide-
spread in soil such as Verrucomicrobia and OPIO (Janssen 2006). 
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Even more defining differences were observed between the two different 
approaches to detect diversity at Cataloochee. In the culture-dependent methods, the 
Betaproteobacteria were found to be the most common followed closely by the 
Firmicutes. The Bacteroidetes, Gallllllaproteobacteria, and Actillomycetes were all 
distributed almost equally through the site followed finall y by the least common group, 
the Alpitaproteobacteria. Yet, in the culture-independent methods (Figure 10), the 
Acidobacleria dominated again followed by the Firmicutes, Alphaproteobacteria, and 
Plallctomycetes. The Bacteroidetes, Betaproteobacteria, Gallllllaproteobacteria, and 
Deltaproteobacteria all followed as being the least common at Cataloochee. Again, 
while the culture-dependent methods detected five different phyla, I was able to detect 
seven phyla through cloning with some of these phyla representing groups that to date 
have few or no culture representatives. 
Finally, differences were also discovered between Purchase Knob culture-
dependent and culture-independent diversity pattems. The culture-dependent methods 
showed that the Firlllicules dominated followed again by the Betaproteobacteria . This 
was followed by the Actillolllycetes, then the Gammaproteobacteria and Bacteroides. 
The Alphaproteobacleria were the least commonly found . In the culture-independent 
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methods (Figure II) , the Acidobacteria and Firmicutes dominated , followed by the 
Alphaproteobacteria, Gal/ll/laproteobactera, Deltaproteobactera, and Verrucolllicrobia. 
The least common were the OP I 0 and Betaproteobacleria. This same trend of finding a 
higher phylum-level diversity including groups that are dirticult to culture through 
cloning instead of culturing was also found in Purchase Knob. 
It is obvious through these data that the two types of methodology affected the 
outcome of the community profile for each of the three sites. Not only were the phyla 
and subph yla pattems different, but the ex tent of diversity at each site was also much 
larger using molecular techniques compared to cu lture-based techniques. This is mostly 
because when using culturing as a method of detection, one is selecting for a particular 
phenotype (i .e., heterotrophic bacteria) based on media conditions. Although it may 
appear that thi s would limit the importance of culture-based methods, they are still 
needed in developing our understanding of bacterial physiology, genetics, and ecology 
(Janssen 2006). In fact, parallel stud y of laboratory cu ltures wou ld strongly complement 
molecular eco logical investigations and enhance research into the roles of soil bacteria 
and their biotechnologica l potential s. Assigning functions to bacteria known onl y by 
their 16S rRNA genes is a difficult task, and detai led investigations of their physiologies 
and genomes are even more challenging. The availability of pure cu ltures would greatl y 
simplify such studies (Joseph et al. 2003). 
Using molecular techniques has been shown to advance our knowledge of 
bacterial diversity greatl y. Just as my results have shown a shift in community profiles 
from culture-based work to molecular-based work, so have many others. It is now known 
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that members of the phyla Acidobacteria and Proleobacleria are the most common in soil 
(Hugenholtz et al. 1998; Janssen 2006; Janssen et al. 2002; Joseph et al. 2003; and Rappe 
and Giovannoni 2003). The Acidobacteria group is a newl y recognized bacterial phylum 
wi th very few cultivated representatives (Hugenholtz et al. 1998). Thi s limitation 
provides little information regarding biochemical and metabo li c properties that might be 
generall y di stributed throughout thi s phylum . In fact, the majo rity of sequenccs that 
make up thi s phylum are from environmental clones. Yet, the widespread occurrence o f 
environmental sequences that have been found to belong to the A cidobacteria suggests 
that members o f thi s group are eco logicall y signifi cant constituents of many ecosystems, 
particularl y in soil communities (Hugenhollz et al. 1998; Joseph et al. 2003; and Rappe 
and Giovannoni 2003). Some authors suggest that the Acidobacteria may be nearl y as 
diverse as the Proleobacteria, but currently onl y three genera are defined in the former 
(Hugenholtz et al. 1998; Janssen 2006). The Proleobacleria, on the other hand, is 
represented by a large number of described subtaxa, including at least 528 named genera 
in 72 named families (Janssen 2006). Even with this large amount of infonnation, 
analysis of so il bacterial communities by directl y surveying 16S rRNA has revealed thc 
presence of many clades at the genus, family, and order Icvels that are not represented by 
named species (Joseph et al. 2003). Through "Classifier" in the RDP 11 program about 
60% of my clones that were assigned to the Proteobacleria phylum had less than 50% 
confidence at the genus, family, and order levels. This indicates that many 
proteobacteri al groups still remain to be described and named in environmental samples. 
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Other bacteri al phyla that are found to be dominant in libraries of soil samples 
include AClillobocleria, Verrucomicrobia, l3acleroideles, Chlorojlexi, Planclomyceles, 
Gemmalimolladetes, and Firmicliles (Janssen 2006; Janssen et al. 2002; and Joseph et al. 
2003). Most of these phyla are virtually unstudi ed and have few or no known pure 
cu lture representatives from soil s. These trends found in many other studies of bacterial 
diversity in soil are reflected throughout my findings in Great Smoky Mountains National 
Park. It is also important to note that when looking at the "Sequence Match" program 
that is part of RDP U, the majority of my clones were matched wi th those that had also 
been directly amplified (Tom forest so il , indicating that these groups are common so il 
inhabitants. 
Another one of my hypotheses was that each site would have different bacterial 
diversity based on differences in vegetation, elevation, and soi l chemistry. When looking 
at each si te separately (Figures 9, 10, and II ), it is apparent that Albright Grove has nine 
di fferent phyla whi Ie Cataloochee and Purchase Knob each have eight di fferent phyla. 
Therefore, each site is relatively diverse. One important factor when consideri ng the 
amount of diversi ty within a site is the number of clones avai lab le for that sample set. 
While Albright Grove had 9 1 different clones analyzed, Cataloochee had 67, and 
Purchase Knob only had 20. This means that while Purchase Knob had less than a 
quarter of the clones that Albright Grove had, Albright Grove still only had one more 
phylum than Purchase Knob. Similarly, Purchase Knob had less than a third of the 
clones compared with Catalooehee but had the same number of phyla. Therefore, when 
compari ng the number of c lones to the number of phyla, the ratios at the different sites 
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were Albright Grove = 0.09; Cataloochee = 0.12; and Purchase Knob = 0.40 phylum per 
c lone, respectively. Puchase Knob di splayed a much higher phylum diversity than the 
other two sites, and it would be interesting to see what patterns would emerge if a greater 
number of clones were able to be sequenced. There was some di sparity in why we saw a 
drop in number of clones between sites. One possibility could have been that there was 
not enough X-Gal on the blue/white plates causing some clones to appear white that were 
actually blue. Another di screpancy could have been that di fferent people picked the 
clones between sites. Yet, even with the appearance ofa low phylum-level diversity, the 
percent of clones that were unique at each site according to both RFLP patterns and the 
simi larity matrix showed just how unique the micro flora at each site was. For Albright 
Grove, the RFLP banding patterns showed that 84.7% o f the c lones were unique while 
the similari ty matrix showed that 89.0% of the sequences for the clones were unique. For 
Cata looehee, the RFLP banding patterns showed that 77.9% of the clones were unique 
while the similarity matrix showed that 81.5% were unique. For Purchase Knob, both the 
RFLP and similari ty matrix showed that 100% of the clones were unique. Therefore , 
while the Acidobacteria and FirmicIJtes phyla dominated every site there was stili a high 
amount of diversity according to the uniqueness of the clones. 
The differences between sites based on the types of phyla found were masked 
based on the Acidobacteria domination at every site. However, even within thi s hugely 
diverse group , patterns could be seen that di stinguished clones from thi s phylum between 
si tes (Figure J 5). One problem that is reoccurring in this phylum that causes the 
appearance of limited diversi ty wi th the Acidobacteria is just how little we know about 
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this group. The Acidobacleria have only three formally described genera in the phylum 
that have been culti vated (Hugenholtz et al. 1998; Janssen 2006). Therefore, the majority 
of sequences that make up thi s phylum are from environmental clones. By looking at 
Figure 15, it is apparent that while onl y one gcnus was found, there are sequence 
di fferences between each clone. Therefore, a possible explanation might be that thcre are 
not enough culti vated representati ves available defining these observed differences. 
In examining the remaining phyla at each si te, there were clear patterns of 
di fferences. These could be seen taking the non-Acidobacleria cloncs fo r each site and 
recalculating the percent that each were found (Table 6). By interpreting these 
percentages, one can easily see how each remaining phylum differs between sites. 
Table 6. Percentage of phyla found within a site excluding the Acidobacleria clone data. 
Albright Grove Cataloochce Purchase Knob 
Ver/,// com icrobia 7.70% 0% 13.30% 
P/allclomyceles 2.60% 25 .00% 0% 
a Pl o 2.60% 0% 6.70% 
Firmicules 53 .80% 28. 10% 33 .30% 
Bacleroideles 0% 6.30% 0% 
Aclillobacleria 2.60% 0% 0% 
A /pi1aproleobacleria 20.50% 25.00% 13.30% 
BelaprOleobacleria 0% 6.30% 6.70% 
De/laproleobacteria 2.60% 6.30% 13.30% 
Gallllllal!. /,oteobacteria 7.70% 3. 10% 13.30% 
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necessarily targeted for reduction. Fragmented nucleic acids (results of harsh conditions 
during extraction methods) are sources of artifacts in PCR and may contribute to the 
formation of chimeric PCR products. Also, various bioti c and abiotic components of 
environmental ecosystems, such as inorganic particles or organic matter, affect lysis 
efficiency and may interfere with subsequent DNA purification (Narang and Dunbar 
2004; and von Wintzingerode et al. 1997). During my methods development I performed 
many tests compari ng DNA ex traction kits to see which kit provided the most amplifiable 
DNA during PCR. This resulted in a method that removed some of these biotic and 
abioti c components from the sample enough to not interfere with PCR amplifications. 
PCR ampl ification of the 16S rDNA and molecular cloning are the most common 
methods associated with biases (Narang and Dunbar 2004). The most common biases 
include PCR artifacts such as chimeras and heteroduplexes, choosing primers that will 
amplify the majority ofprokaryotes in a sample, and efficiency of primer binding (Acinas 
et al. 1997; Baker et al. 2003; Hugenholtz and Huber 2003; Narang and Dunbar 2004; 
Qui et al. 200 I ; and von Wintzingerode et al. 1997). The appearance of PCR arti facts is a 
potential ri sk in the PCR-mediated analysis of complex microbiota as it suggests the 
ex istence of organisms that do not actually exist in the sample investigated (von 
Wintzingerode et al. 1997). Chimeras can be generated during the PCR process as DNA 
strands compete with specific primers during the annealing process and two sequences 
from two different species anneal to make one sequence consisting of DNA from two 
species (Ashel ford et al. 2005). This causes the sequence to appear to be "unclassi fied" 
according to the RDP LI database (Maidak et al. 200 1). Chimeri c anomalies have long 
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been recogn ized and ifleft undetected can generate mi sleading impressions of 
environmental diversity. It is al so known that these chimeric anomalies have been known 
to accumulate in public databases (Ashelford et al. 2005). Sequences in thi s study were 
checked wi th Belephron, Mallard , and Pintail and resulted in no sequences that could be 
claimed as a chimera. On the other hand, sequences in thi s study were not checked for 
heteroduplexes. When a heteroduplex molecule is cloned and transfon11ed, two 
homoduplex molecules of 16S rRNA genes will be produced and segregated as a result of 
plasmid propagation (Qui et al. 200 1). When these are thcn subjected to methods such as 
RFLP they result in artificial RFLP paltems. f-1 eteroduplexes can be determ ined by 
comparing RFLP banding patterns to those of reference homoduplex molecules. If the 
clones show ex tra bands that mi grate more slowl y than the homoduplex molecules but 
faster than single-stranded DNA molecules they can be considered heteroduplexes (Qui 
et al. 200 I). This can al so lead to double bands in DGGE gels as well. 
The other problem with PCR revolves around the primers used. For a stud y such 
as this one, "universal " primers are used in order to ampl ify as much of the prokaryotic 
community as possible. 11 is important to know that no primers in current use are trul y 
uni versal and no single set of primers can be recommended that are guaranteed to ampli fy 
all prokaryotes (Baker et al. 2003). Consequentl y, many 16S rONA librari es will not be 
totall y representati ve o f microbial communities, especiall y on a quantitative level. 
Samples would have to be ampl ifi ed with several different primers in order to have a 
more complete community analysis and this would represent a significant increase in 
labo ratory time and expense. Primers can also affect PCR when considering varying 
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quantities of template DNA. [n large quantiti es, the primers will find the most common 
DNA strands more o flen than the rare, which will then dominate the reaction as they 
mUlti ply exponentiall y (Baker et al. 2003). Finall y, biases can occur when analyzing 
sequences. Not onl y are artifacts in p e R going to be a problem (as mentioncd be fore) , 
but the quality o f results obtained by comparat ive 16S rRNA scquence analyses strongly 
depends on the avail able dataset (von Wintzingerode et al. 1997). Even though the 
dataset o f RD P II contai ns hund reds of thousands of sequences, thi s number onl y re nects 
a minor part o f the ex pected microbial di versity. As seen in thi s data set, a low sequence 
si milarity to known sequences occurred quite o flen making thcir phylogenetic affili ation 
diffi cult. This leads to the question of whether environmenta l sequences represent 
uncultured, novel microorganisms or whether they cannot be assigned to known taxa due 
to the fact that for even many culti vated microorganisms, 16S rRNA and rONA 
sequences are not availab le or are of low quality (von Wintzingerode et al. 1997). 
Conclusions and Possible Future Work 
Molecular methods used in thi s study produced 177 unique 16S rONA sequences 
that d id not match any prev iously found in Great Smoky Mountai ns National Park 
(GS MN P). Out of those 177 unique sequences onl y one common genus was found 
between the use of culture-dependent and culture-independent methods, Burkholderia, a 
member of the Betaproleobacleria . The phyla Acidobacleria, Piallclolllyceles, 
Verrucomicrobia, and OP I 0 were all phyla that were prev iously undetected in GSMN P 
through culture-dependent methods. Due to the high amounts of Acidobacleria fo und 
th rough these molecul ar methods and the findings of these new phyla, the community 
pro fil es of all three sites differed than the profiles from previous culture-dependent 
methods. Within the RDP JJ "Classifier" results, approximately 80 clones were 
determined to be " unclassifi able" due to low sequence matches to the database. Of these 
80 clones, possible new species, new genera, or perhaps novel families or c lasses could 
be present. 
There are several routes one could take to funher investigate the di versity of 
bacteri a within these clones. In regards to the 80 "unclassi fi ed" bacteria and the 77 
clones that had less than 50% confidence accord ing to "Classificr" the first step would be 
to scquence the entire 1500bp 16s rD A region. It is hoped that, by sequenci ng the 
entire region instead of a - 500bp excerpt , confidencc in the identi fi cation of a species 
would be more accurate. Iflow confidence rates still occurred or thc sequence resulted in 
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the bacteri a stillunclassifiable, one could investi gate the possibilities ofa new species or 
new genera being found. 
Another direction of future work could lead to culti vating some of these clones to 
learn more about their phys iological and ecologica l roles in the environment. As of now, 
not much is known about the ro les that these species play in their natural habitats due to 
discrepancies with culturing. It can be assumed that these high numbers of some phyla 
could onl y mean that these species are members of functionall y domi nant groups that 
may have a substantial impact on the environments they inhabit. Each clone, or ecotype, 
may playa vital rol e in carbon cyc ling (heterotrophy, chemolithotrophy), nitrogcn 
cycling (fi xation, ammonia ox idation, denitrification), sulfur cycling (sulfur ox idation, 
sul fa te reduction), or any of the many other geochemical processes dominated by 
microorganisms. Also, by learn ing more about these ro les that each species is playing, 
one migh t be able to hypothesize more on why these community pro fil es look the way 
they do and wh y they di ffer between sites based on forest history and environmental 
facto rs. The onl y way to trul y understand the entire community is th rough long-tern1 
studies that utili ze multiple culturing and molecular approaches. 
Although many species wcre found in thi s clone li brary, all of these sequences 
were new to GSMNP (and probably to science), the communit y profi les from each site 
were found to di ffer completely from previous culturing approaches; however, it is 
suspected that di versity from each site is onl y a fraction of the complete bacterial 
community was discovered. Yet how would one completely assess a community with 
billions and perhaps mill ions of species? The best approach is to slowly piece together 
65 
the unknown as both molecular techniques and culturing take place; this will allow us to 
better understand and pose better hypotheses about the amazing realm of the bacterial 
world . 
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